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Purpose: Asthma is a chronic respiratory disorder that leads to inflammation and narrowing of the airways. Its global prevalence has attained epi- 
demic levels and treatment options that reach beyond temporary relief of symptoms are urgently needed. Since the processes leading to clinically 
symptomatic asthma start early in life, we set out to systematically evaluate a neonatal immunotherapeutic based on Listeria monocytogenes (Lm) 
for the control of allergic sensitization. Methods: We modified Unto express the model allergen, ovalbumin (OVA), and tested the ability of neona- 
tal immunization with this strain to control allergic sensitization in a mouse model of OVA-induced asthma. Mice were immunized as newborns with 
live or heat killed LmOVA or live Lm, followed 6 weeks later by allergic sensitization with OVA. In order to determine whether the Th1 -polarizing ef- 
fect of this vaccine vector inadvertently may exacerbate development of certain THl-driven allergic diseases, mice immunized as newborns were as- 
sessed in a model of adult hypersensitivity pneumonitis (HP). Results: Both LmOVA and /.m-control vaccines were highly effective in providing 
long-lasting protection from airway inflammation after only one immunization given perinatally. Serum antibody levels and lung cytokine production 
suggest that this prophylactic strategy is associated with an allergen specific T H 1 -dominated response. Specifically, LmOVA vaccinated mice dis- 
played significantly elevated OVA-specific serum lgG2a, but no difference in anti-OVA IgE antibodies and only slightly decreased anti-OVA lgG1 anti- 
bodies. Importantly, /.m-based neonatal vaccination did not exacerbate Th1/Th17 driven HP, arguing against broad spectrum immune skewing. Con- 
clusions: Our findings highlight the promise of early life /.m-based immunomodulatory interventions as a prophylactic strategy for allergic asthma. 
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INTRODUCTION 

The global prevalence, morbidity, mortality and economic 
cost associated with asthma have been on the rise, increasing 
nearly 50% every decade. 1,2 Asthma is most often first diagnosed 
in childhood and acute asthmatic responses are one of the most 
common causes of emergency room visits in children. 3 Cur- 
rendy, most common treatment options provide only tempo- 
rary relief to alleviate symptoms while sustained relief requires 
long-term interventions that include medication and lifestyle 
modifications. Part of the underlying mechanisms leading to 
asthma relate to immune mediated, Th2-biased allergen-spe- 



cific responses 4 and immunomodulatory approaches such as 
allergen-specific immunotherapy have been successfully em- 
ployed. 5,6 However, neonatal prophylactic vaccine-based strate- 
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gies offer an even more effective approach that could lead to 
protection from asthma. 6 

The processes leading to clinically symptomatic asthma have 
been shown to begin early in life 7,8 and therefore, attempts to 
prevent asthma would likely be most effective if initiated peri- 
natally. Studies in human and animal models have identified 
the time around birth and early infancy as a period during which 
allergen-specific immune memory responses of pro-allergic 
Th2 versus non-allergic immune responses to environmental 
stimuli are made. 8,9 The increased risk for the development of 
asthma and allergy in early life has been attributed to an appar- 
ent Th2-bias in the newborn's immune system, 1011 and the im- 
mune-mediated physiological parameters that lead to clinical 
asthma are known to be driven by an increased production of 
allergen-specific CD4 Th2 cytokines, in particular IL-4, IL-5, and 
IL-13. These cytokines have been shown to initiate and sustain, 
via immune memory, allergic asthmatic inflammatory respons- 
es by enhancing the production of IgE antibodies as well as the 
growth, differentiation and recruitment of pro-inflammatory 
cells to the lung tissue (e.g. eosinophils). 10 In summary, a suc- 
cessful therapy aimed at altering the underlying cause of asth- 
ma would need to focus on modifying or reducing pro-inflam- 
matory allergen-specific Th2 immune responses early in life. 6 

It is well established that whole heat-killed bacteria like Myco- 
bacterium bovis, Chlamydia muridarum, Lm n,u or bacterially- 
derived Toll-like receptor ligands 13 when administered as adju- 
vants with model allergens can effectively prevent allergic sen- 
sitization and/or allergic inflammation in animal models. 1415 
One of the most potent inducers of IFN-y and other non-Th2 ef- 
fector molecules is live Lm. 16,17 Previous publications harness- 
ing the benefits of Lm to modify hypersensitivity reactions have 
focused on the efficacy of heat-killed Lm (HKLm) in adult mice. 
In these studies, HKLm successfully suppressed allergen-spe- 
cific, Th2-dominated responses by inducing allergen-specific 
Thl-dominated responses in adult mice. 1218 However, these 
studies have not evaluated the ability of Lm-based vaccines to 
modulate atopic diseases originating in early life. Additionally, 
live attenuated Lm may have higher potential than HKLm for 
preventing or treating allergic diseases. Thus, the novelty of our 
study is determining the efficacy of neonatal Lm vaccine. Our 
findings show that this approach can work in early life, which is 
a time point that is clinically important. 

We show here that a single neonatal dose of a live attenuated 
Lm vaccine provides sustained protection from allergic airway 
inflammation in a murine model of asthma. And while this ear- 
ly life Lm-vaccination was associated with reduced Th2 respons- 
es, it did not lead to increased susceptibility to Thl/Thl7-medi- 
ated hypersensitivity pneumonitis (HP), suggesting that Lm- 
based immune modulation early in life supports a balanced 
immune status. 



MATERIALS AND METHODS 
Animals 

For all experiments we used murine Fl pups (H-2 b X H-2 d ) de- 
rived from crosses between C57BL/6 (H-2 b ) and C57B10.D2 (H- 
2 d ) mice provided from the Jackson Laboratories (Bar Harbor, 
ME,USA) to match our previous work on the development of 
our neonatal vaccine platform based on Lm h(trpS ac£A)/pSP0- 
PsuyOVA (LmOVA). 19 Fi mice were vaccinated either 6 days post- 
partum (Fig. 1 and 4). All animals were maintained under patho- 
gen-free conditions at the Child and Family Research Institute 
of the University of British Columbia according to animal ex- 
periment protocols approved by the Institutional Animal Care 
and Use Committee. When analyzing the asthma model, we 
did not detect any difference between males and females for 
any of the parameters tested, and thus data presented were de- 
rived from both genders combined unless specified. We did, 
however, detect a significantly higher response in female vs. male 
mice to Saccharopolyspora rectivirgula (SR)-antigen in the HP 
model for all parameters tested and thus data presented were 
obtained using female mice only in this model. 

Bacterial strains and growth conditions 

We employed our recently reported live and highly-attenuat- 
ed Lm-based vaccine platform Lm A {trpS actA)/pSP0 that per- 
mits specific antigen expression and is particularly safe and well- 
tolerated in newborn mice. 19 We have shown previously that it 
provides a strong and broad immune response against ovalbu- 
min (OVA), including CD4 and CD8 T cell responses as well as 
humoral responses. 19 Lm platform strains were grown to late 
logarithmic phase (optical density at 600 nm [OD600], 1.0) at 
37°C in Brain Heart Infusion (BHI) Medium (BD, MD, USA), 
washed and resuspended in endotoxin-free isotonic saline so- 
lution (0.9% NaCl) and stored in 20% glycerol at -80°C prior to 
injection as described below. 

Immunization of animals 

Mice were immunized intraperitoneally (i.p.) with Lm, resus- 
pended in 0.1 mL endotoxin-free 0.9% NaCl. HKLm were pre- 
pared by boiling 1 X 10 7 bacteria at 110°C for 30 minutes. Bacte- 
rial viability and colony forming unit counts were determined 
by plating serial dilutions on BHI agar plates. 

Induction of airway inflammation 

Based on the 2 models (allergic asthma, HP), we used 2 differ- 
ent antigens, (A) OVA to induce asthma and (B) SR to induce HP. 
To induce asthma, 6 weeks after immunization with Lm strains, 
mice were sensitized twice i.p. with 100 ug OVA (Worthington, 
Lakewood NT, USA) absorbed onto alum hydroxide gel (Brenntag 
Biosector, Frederikssund, Denmark) - this marked day 1 and 8 
in the experimental schedule (Fig. 1A). Non-immunized naive 
mice received alum hydroxide gel alone on the same schedule. 
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Fig. 1. Vaccination with Lmand LmQVA significantly decreases Th2 driven 
allergic airway inflammation. (A) Schematic of Lm vaccination and experi- 
mental allergic airway inflammation protocol. (B) Total cell counts in BALF 
from na'ive and OVA challenged mice. Na'fve=saline vaccination and no 
subsequent OVA challenge, Ctrl =saline vaccination and OVA challenge, 
Lm = Listeria vaccination and OVA challenge, /./7?0VA= /./sfera-OVA vacci- 
nation and OVA challenge, HK/.mOVA= heat-killed /.mOVA vaccination fol- 
lowed by OVA challenge. (C) Differential cell counts in BALF. (D) Relative 
concentration of OVA-specific lgG2a. Serum was diluted 1:1,000 and then 
serial dilutions were evaluated for OVA-specific antibody reactivity by ELI- 
SA as described in Materials and Methods. Values are expressed as mean ± 
SEM. (**P value < 0.01 , ***P value < 0.001 ). The number of mice per group 
per experiment was 3-5. 
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Fig. 2. Inflammatory lung cell cytokine responses are shifted by neonatal prophylactic /.mOVA vaccination. Single cell suspensions were prepared from lungs, placed 
in culture and cytokine production was examined 48 hours after restimulation using 500 pg/mL of OVA. Cytokine production was determined by the 6-Milliplex Mouse 
Cytokine/Chemokine Immunoassay. (A) IFN-y production. (B) IL-5 production. (C) IL-10 production. Values are expressed as mean + SEM. (*Pvalue <0.05, ***Pvalue 
< 0.001 ). The number of mice per group per experiment was 3-5. 



Subsequently, anesthetized mice were challenged intranasally 
{In) on days 22, 23, 24, 26, and 28 with 200 (ig OVA in 100 |jL PBS 
prior to sacrifice on day 29. Non-immunized naive mice were 



challenged i.n. with saline only on the same schedule. The fol- 
lowing abbreviations are used for the different experimental 
groups (Fig. 1): "Naive" - irnmunization with NaCl without sub- 
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Fig. 3. Neonatal prophylactic immunization with Lm and /.mOVA prevents significant increase in airway hyperresponsiveness (AHR) to methacholine challenge. (A) 
Mice were immunized and challenged as described in Fig. 1 and administered increasing doses of MCh intravenously. Airway resistance (R % increase) was mea- 
sured for each dose of MCh. (B) Data from (A) re-evaluated as area under the curve. Values are expressed as mean + SEM. The number of mice per group was 8. 
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Fig. 4. Neonatal Lm vaccination does not significantly alter sensitivity to Th 1/1 7 driven Hypersensitivity Pneumonitis (HP). (A) Schematic of vaccination and Saccha- 
ropolyspora rectivirgula (SR)-induced HP induction protocol. (B) Total cell counts in BALF from naive and SR-challenged mice were determined as shown in Fig. 1 . (C) 
Differential cell counts in BALF in response to HP induction. (D), (E), (F) Clinical scores for inflammatory infiltrates attributed to airways, vessels, and lung parenchy- 
ma respectively. Lungs were fixed and stained with H&E prior to blind scoring as described in Materials and Methods. Values are expressed as mean ± SEM, The 
number of mice per group was 6-1 4. 



sequent allergen exposure; "Ctrl" - immunization with NaCl 
followed by allergen exposure; "Lm" - immunization with Lm 
A{trpS acfc4)/pSPO, followed by allergen exposure; "LmOVA" - 
immunization with Lm A(lrpS acL4)/pSPO-PShi y OVA, followed 
by allergen exposure; "HKLmOVA" - immunization with HKLm 
A(trpS acL4)/pSP0-PShi y -OVA, followed by allergen exposure. 



To induce HP, mice were immunized at day 6 after birth with 
Lm strains and 6 weeks later were primed i.n. and challenged 
with 40 (rL of 4 mg/mL endotoxin-free SR antigen for 3 consec- 
utive days per week for 3 weeks. Non-immunized naive mice 
were challenged i.n. with saline only. Mice were sacrificed four 
days after the last challenge. On the day of analysis for both ex- 
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periments, bronchoalveolar lavages (BAL) were obtained by 3 
sequential introductions and aspiration of 1 mL sterile PBS each. 
Total viable BAL cells were counted using trypan blue staining 
and differential counts were obtained from cytospin prepara- 
tions stained with hematoxylin and eosin (H&E stain) accord- 
ing to the manufacturer's instructions (Hema 3® Stain Set, Fish- 
er Scientific). For HP experiments, H&E results were confirmed 
using flow-cytometry based quantitation of neutrophils (7.4 
antigen +), eosinophils (SiglecF+/CDllc-), marcophages (Si- 
glecF+/CDllc+), T cells (CD3+) and B cells (B220+) using anti- 
bodies purchased from BD-Pharmingen (San Diego, CA, USA). 
In addition, blood was collected by cardiac puncture and lung 
tissue was harvested. Serum was stored at -20°C until further 
analysis. The following abbreviations are used for the different 
experimental groups (Fig. 4): "Naive" - immunization with NaCl 
without SR exposure; "Ctrl" - immunization with NaCl followed 
by SR exposure; "Lm" - immunization with Lm A{trpS actA)/ 
pSPO, followed by SR exposure. 

Cytokine production by lung cells after in vitro stimulation 
with OVA or SR 

The right lung lobes were harvested and prepared according 
to previously described protocols 20 : a total of 2.5 X 10 6 lung cells 
were cultured for 48 hours in 200 uL of complete medium RIO 
(RPMI 1640 supplemented with 10% FCS, streptomycin, peni- 
cillin) in the presence or absence of either OVA (500 ug/mL) 
(asthma experiments), or endotoxin-free SR (10 ug/mL and 100 
ug/mL) (HP experiment). Supernatants were collected and 
stored at -80°C until batch analysis for cytokine production was 
evaluated using a 6-Milliplex Mouse Cytokine/Chemokine Im- 
munoassay according to manufacturer's instructions (Millipore 
Corporation, MA, USA). 

Immunopathology 

Left lungs were inflated with 10% formalin and fixed for 24 
hours. Following fixation, lungs were isolated and bisected as 
described previously. 21 

Lung pathology analysis 

Histological evaluations were performed by 2 blinded investi- 
gators who scored lung sections using a 0 to 5 scale 21,22 to rank 
the degree of cell infiltration and goblet cell metaplasia. A score 
of "0" indicated that there was no cell inflammation/goblet cell 
metaplasia while a score of "5" referred to the highest amount 
of cell infiltration/goblet cell metaplasia observed. 

Enzyme-linked immunosorbent assay (ELISA) for murine IgGI . 
lgG2a and IgE antibodies in serum 

The following ELISA kits and sample dilutions were used to 
quantify antibody (Ab) levels in serum. The mouse anti-OVA 
IgGI ELISA kit from BioVendor R&D was used at Ab dilutions of 
1:100. The mouse anti-OVA IgG2a ELISA was performed using 



HRP Rat Anti-Mouse IgG2a antibodies from BD Pharmingen 
(San Diego, CA, USA) at Ab dilution of 1:1,000. The mouse anti- 
OVA IgE ELISA kit from Shibayagi was used at Ab dilutions of 
1:20. Total IgE levels were determined with the ELISA MAX™ 
Deluxe Set provided by BioLegend (San Diego, CA, USA) at se- 
rum dilutions of 1:600, total IgGI levels were checked on serum 
dilutions of 1:50,000 using anti-IgGl ELISA kits provided by 
Bethyl Laboratories (Montgomery, TX, USA). 

Determination of airway reactivity (flexiVent) 

Airway responsiveness to methacholine (MCh) (Sigma, 
Oakville, ON, CANADA) challenges was determined using a 
constant phase model flow employed by the FlexiVent (SCIREQ 
Scientific Respiratory Equipment Inc., Montreal, QC, Canada). 
Mice were anesthetized with Avertin (Tribromoethanol, Sigma, 
Canada) (150 mg/kg, i.p.) and tracheotomized with a cannula 
ensuring a constant flow of air. Mice were given pancuronium 
bromide (Sigma, Oakville, ON, CANADA) (0.8 mg/kg, Lm.) to 
block spontaneous breathing. After baseline airway resistance 
stabilized (Rbase), increasing doses of MCh (62.5 (ig/kg, 125 ug/kg, 
250 ug/kg, 500 ug/kg, 1,000 (ig/kg, 2,000 (ig/kg) were infused via 
the jugular vein. Total respiratory system resistance was deter- 
mined immediately before MCh infusion (Rmm), and then every 
2 seconds following infusion until the maximum response was 
reached (R ma x). MCh-induced increases in resistance were cal- 
culated as follows : % increase in airway resistance = ( [Rmax-RmiiJ / 
Rbase) X 100. Significant differences in airway hyperresponsive- 
ness (AHR) were determined using a one-way ANOVA with a 
Bonferroni's post-hoc test 23 and visualized by establishing the 
area under the curve of the AHR response. 24 

Statistics 

The displayed results represent pooled data from four sepa- 
rate neonate asthma experiments (3-5 mice per group per ex- 
periment), and data from a single HP experiment (6-14 mice 
per group). The results are expressed as mean + standard error 
mean (SEM). Statistically significant differences across the asth- 
ma or HP groups were determined using ANOVA. 

RESULTS 

Neonatal immunization with live-attenuated Lm vaccine 
strains attenuates OVA-induced allergic airway inflammation 

To test whether Lm-based vaccines could offer protection 
from allergic airway disease, neonatal mice were immunized 
on postnatal day 6 with either saline, the parental Lm platform 
strain, the Lm strain expressing ovalbumin (LmOVA) or heat 
killed LmOVA (HKLmOVA) as described in the Materials and 
Methods and previously. 19 These neonatal vaccinated mice were 
then subjected to a well-described model of OVA-induced asth- 
ma 25 27 as outlined in Fig. 1 A. One day after the final instillation, 
the bronchoalveolar lavage fluid (BALF) from the murine air- 
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ways was collected and evaluated for total cell numbers (Fig. IB) 
as well as differential cell counts of infiltrates (Fig. 1C). Mice im- 
munized with HKZmOVA as neonates, exhibited a similar de- 
gree of airway cell infiltration as the allergen exposed control 
group (Ctrl). Strikingly, however, mice immunized with live-at- 
tenuated OVA- expressing strain {Lm OVA) exhibited significant- 
ly reduced total numbers of cells infiltrating the airways. In- 
triguingly, mice immunized with control Lm (lacking OVA) also 
exhibited a trend towards protection from allergen-induced in- 
filtrates into the BALF, but this did not reach statistical signifi- 
cance (Fig. IB). 

Next, we investigated the type of inflammatory cells recruited 
to the BALF with particular attention to the types of cells that 
produce the wide array of pro-inflammatory mediators involved 
in asthma pathogenesis. 28 Most strikingly, eosinophil levels ex- 
hibited significant differences between the control and vacci- 
nated groups (Fig. 1C). While eosinophils were found in great- 
est abundance in the control and HKLmOVA group, mice from 
both the LmOVA and Lm groups exhibited significantly fewer 
eosinophils in BALF. We found no significant difference in the 
number of macrophages, lymphocytes or neutrophils between 
mice from any of the vaccine groups compared to mice from 
the negative or positive controls. 

Neonatal mice immunized with live-attenuated Lm OVA 
produce antibodies associated with a Th1 -driven immune 
response 

To further investigate alterations in the adaptive immune re- 
sponse resulting from Lm immunization, we investigated the 
levels of allergen-specific serum antibodies in the various test 
groups. Compared to naive mice, all experimental groups sub- 
jected to OVA-based asthma induction exhibited elevated cir- 
culating anti-OVA IgE and anti-OVA IgGl antibodies (Supple- 
mental Fig. 1). However, only the Lm OVA mice showed signifi- 
cantly elevated circulating levels of anti-OVA IgG2a antibody 
(Fig. ID). Somewhat surprisingly, this was not at the expense of 
Th2-associated isotype production since all experimental groups 
exhibited similar levels of OVA-specific IgE and IgGl. 

tm-based vaccines lead to altered cytokine responses in 
neonatally immunized mice 

Asthma pathophysiology involves a variety of cells and a com- 
plex interaction of their pro-inflammatory mediators. 29,30 We in- 
vestigated the production of IL-4, IL-5, IL-13, IL-10, IL-12, TGF-|3, 
IL-2, and IFN-y following ex vivo OVA restimulation of cells iso- 
lated from lungs. 31 ' 32 IL-4, IL-13, IL-12, TGF-|3, and IL-2 produc- 
tion in response to OVA-stimulation in any of the groups re- 
mained at the level of control mice (data not shown). IFN-y pro- 
duction was, overall, very low (Fig. 2A) and while there was no 
significant difference between any of the vaccinated groups, it 
tended to be higher in the LmOVA group. IL-5 (Fig. 2B) on the 
other hand was produced at significantly lower levels in the Lm, 



LmOVA, and HKLmOVA groups in comparison to the control 
group and showed the highest statistical significance in the 
LmOVA groups. Lastly, following ex vivo OVA restimulation of 
lung resident cells, IL-10 was found to be produced at signifi- 
cantly lower levels selectively in the LmOVA vaccinated group, 
while production of IL-10 in other groups was unaltered (Fig. 
2C). In summary, these data suggest that neonatal Lm immuni- 
zation induces a significant dampening of Th2 inflammatory 
mediator production in the lungs of allergen challenged animals 
and that this response is further enhanced by immunization 
with Lm carrying OVA. 

Immunization of newborn mice with live-attenuated Lm 
results in lower airway hyper-responsiveness and airway 
resistance 

To evaluate additional pathologic hallmarks of asthma, we 
used the FlexiVent small animal ventilator with live, intubated, 
and anesthetized mice to directly measure airway resistance in 
response to a non-specific stimulus methacholine (MCh), in an 
attempt to determine overall AHR. 21,33 We omitted the HKLm O- 
VA group since we failed to observe reduce inflammatory infil- 
trates in the BALF of this group (see above), and thus were un- 
likely to observe protection from AHR with MCh challenges. 
Dose-response curves of increasing MCh challenges revealed 
that at the highest dose of 2 mg/kg, the control group respond- 
ed with a far greater AHR than the "Naive" group (Fig. 3A). In- 
deed, the allergic control group was the only cohort that exhib- 
ited statistically significant hyper-responsiveness above the na- 
ive controls. To highlight the dose-response relationships be- 
tween the experimental vaccine groups, we calculated the area 
under the curve of these responses (Fig. 3B). This revealed that 
both, LmOVA as well as the non-allergen-specific Lm groups 
exhibited reductions in AHR following MCh challenge. Thus, 
our data suggest that neonatal immunization with Lm amelio- 
rates this second major hallmark of allergic inflammation. 

Immunization of newborn mice with live-attenuated Lm does 
not alter susceptibility to Th1/1 7 driven hypersensitivity 
pneumonitis 

Given that neonatal Lm-vaccination non-specifically (i.e. non- 
OVA allergen-specific) reduced allergen-induced eosinophil 
numbers in the BALF, lowered IL-5 production from lung-resi- 
dent cells and dampened AHR following the MCh challenge. 
We considered the possibility that neonatal Lm vaccination may 
lead to broad spectrum immune modulation away from a Th2 
response and enhance susceptibility to Thl/17 driven disease. 
To this end, we investigated the effect of neonatal Lm-immuni- 
zation on susceptibility to SR-induced HP, a classic model for 
Thl/17 dependent pulmonary disease 34 (Fig. 4A). Thus, neona- 
tally vaccinated mice were primed and challenged with SR an- 
tigen intranasally 3 times per week for 3 consecutive weeks. They 
were then evaluated for BALF infiltrates, and histological pa- 
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rameters associated with HP. The results are shown in Fig. 4. We 
were unable to detect a significant alteration in cellular - and in 
particular lymphocytic - infiltration into the BALF, airways, pul- 
monary vessels or parenchyma following neonatal Im-immu- 
nization and subsequent SR-induced HP (Fig. 4B-F and Sup- 
plemental Fig. 3). Correspondingly, anti-SR serum IgGl and Ig- 
G2a antibody levels were unaltered by neonatal Lm-immuniza- 
tion (Supplemental Fig. 2). From these experiments, we con- 
clude that although neonatal immunization with Lm protects 
against subsequent Th2 mediated allergic disease, it does not 
broadly increase the sensitivity to Thl/Thl7-driven lung in- 
flammatory disease. 

DISCUSSION 

We show here that a single perinatal immunization with at- 
tenuated Lm is effective at prophylactically reducing the impact 
of asthma sensitization in a murine model. Importantly, while 
neonatal Lm-based vaccination appears to have allergen-spe- 
cific as well as non-specific components contributing to its pro- 
tective effect, it does not increase the risk for Thl/Thl7 mediat- 
ed HP. The efficacy and safety of neonatal administration of Lm 
observed here support further exploration of early life immune 
modulation using Lm as a preventive strategy for allergic asth- 
ma and potentially other Th2-driven allergic disease. 

Both genetic and environmental factors contribute to the de- 
velopment of allergic asthma 35 ; however, the precise molecular 
underpinnings at the intersection of host and environment that 
predispose to the development of clinically apparent asthma 
are still largely obscure. In the absence of detailed mechanistic 
insight, empirical interventions continue to represent the main 
approach to slowing this growing epidemic. We therefore set 
out to investigate live, virulence-attenuated Lm as an immune- 
modulatory vehicle to redirect the inflammatory immune tra- 
jectory of atopic asthma. 

Atopic hypersensitivity reactions such as asthma often origi- 
nate early in life, 7,8 therefore, attempts to prevent asthma would 
likely be most effective if initiated perinatally. We found that 
newborn mice vaccinated with live Lm OVA and then challenged 
with OVA as adults exhibited a significant reduction in the total 
number of cells infiltrating the bronchial airways (Fig. 1). In 
particular, we observed a significant reduction in BALF infil- 
trating eosinophils, which are known to be major contributors 
to asthma-induced pathological changes in lung structure and 
function. 36,37 However, neonatal mice that were immunized 
with HKLmOVA, exhibited a similar degree of airway cell infil- 
tration as the Ctrl group (the group that was sensitized and 
challenged with OVA in the absence of Listerial infection), ar- 
guing that HKLm does not alter the total number or type of in- 
flammatory cells recruited to the BALF in response to OVA-in- 
duced asthma. IL-5 is known to be the principal cytokine in- 
volved in eosinophilopoiesis. Lm OVA vaccinated mice were 



also observed to produce less of this cytokine upon ex vivo re- 
stimulation of resident lung inflammatory cells (Fig. 2). This, 
however, is not sufficient to fully explain the protection con- 
ferred by Lm OVA vaccination since similar reductions in IL-5 
production were observed in Lm and HKLmOVA vaccinated 
mice, which exhibited a more modest or no reduction in eosin- 
ophil recruitment, respectively (Fig. 1 and 2). An additional par- 
adox is the diminished production of IL- 10 selectively from the 
lungs of mice receiving Lm OVA vaccinations (Fig. 2). IL-10 is 
typically thought to act as a suppressor of inflammation and 
therefore one might expect a decrease would result in enhanced, 
rather than reduced inflammation. Furthermore, the trend to- 
wards increased IFN-y production and reduced IL-10 produc- 
tion in the LmOVA group further support the notion that these 
mice are skewed towards a more mixed immune response to 
what would typically be a potent Th2-eliciting immune regimen. 
More detailed analysis of the exact mechanisms of immune 
modulation by Listeria-based vaccination is warranted, partic- 
ularly the assessment of allergen-specific cytokine production 
by cells from mediastinal lymph nodes. In addition, it has been 
shown that alveolar macrophages produce a significantly high- 
er level of IL-17 in OVA-sensitized mice compared to naive mice. 
Thus, it will be interesting to investigate how Listeria-based vac- 
cination affects IL-17 production from the alveolar macrophages 
in vaccinated OVA-sensitized mice. 

In summary, these data suggest that Lm OVA vaccination, and 
to a lesser extent Lm vaccination, dampen eosinophilic inflam- 
mation in a manner that does not correlate with a strict shift 
from a Th2 to a Thl immune response or with a general damp- 
ening of all inflammatory responses. These observations are 
born out further by an analysis of antibody production in vacci- 
nated mice. While there is normally a strong correlation between 
allergen-specific serum IgE levels and asthma in humans and 
mouse models of Th2 airway disease, mice in our LmOVA group 
displayed no difference in the level of anti-OVA IgE or IgGl an- 
tibodies, but instead harboured significantly elevated anti-OVA 
IgG2a 38 (Supplementary Fig. 1 and 2). Although the full signifi- 
cance of the increased OVA-specific IgG2a in the face of un- 
changed IgE and IgGl levels remains to be clarified, these data 
suggest that perinatal Lm OVA vaccination leads to a more mixed 
(or perhaps, more balanced) immune response to what is, nor- 
mally, a highly Th2-polarizing inflammatory insult. Thus, the 
mechanism by which Lm inhibits allergic inflammation remains 
to be clarified. 

To further illuminate the immunological impact of early-life 
Lm vaccination on future disease, we tested a similar cohort of 
mice for their susceptibility to the Thl/Thl7-driven lung in- 
flammatory disease, HP (Fig. 4). Here we saw no significant ex- 
acerbation or protection from disease in the vaccinated groups 
using a variety of parameters. The fact that neither systemic pa- 
rameters (serological response to the SR antigen), nor pulmo- 
nary histological assessment in our study indicated a worsen- 
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ing of HP in neonatally vaccinated mice suggests, again, that 
early life Lm immunization appears to induce a balanced im- 
mune response, rather than a simple Th2/Thl shift. 

It is important to note that previous human association stud- 
ies examining the prevalence of asthma as a function of specific 
microbial exposures in early life found a reduction in subjects 
exposed to microbes, including Im. 3W Likewise, additional 
studies in mice have suggested that perinatal, and in some in- 
stances prenatal, exposure to bacteria or antibiotic-induced 
shifts in host flora can have protective or exacerbating effects on 
future susceptibility to allergic airways disease, respectively. 41 43 

Previous studies in adult mice have shown that HKLm immu- 
nization is a strong nonspecific activator of IL-12 and IFN-y 
production which can bias the immune system toward a Thl 
immune response. 18 HKLm immunization also reduces anti- 
gen-specific IL-4 production in lymph-node cells, reduces anti- 
gen-specific IgE production and enhances protective immune 
responses in the respiratory tract. 12 However, the ability of Lm- 
based vaccines to modulate atopic diseases originating in early 
life has not been evaluated in these studies. Asthma has been 
shown to begin early in life 7,8 ; therefore, asthma prevention 
would likely be most effective if initiated perinatally. 

Since exposure to HKLm did not prevent airway inflammation 
in our model as it did in previous studies, the data would argue 
that mere exposure to Listerial components is insufficient to 
change the trajectory of atopic diseases, and that asthma pre- 
vention requires the more robust response generated in re- 
sponse to live Lm. It is unclear why HKLm OVA did not confer 
protection in our experimental model despite its positive out- 
comes observed by other research groups. 12,18,44 Different mouse 
strains or protocols used to prepare HKLm could potentially ex- 
plain these opposing findings. 

In previous studies, the hygiene hypothesis has been postulat- 
ed as a mechanistic explanation for asthma susceptibility. Ac- 
cording to this view, allergy and asthma have become an "epi- 
demic in the absence of infection" or perhaps more correctly, in 
the absence of perinatal colonization with a broad spectrum of 
bacteria. 45 Although the mechanisms are still unknown regard- 
ing which microbial stimuli - such as Lm - could possibly pro- 
tect children from developing asthma and atopy, changes of the 
innate immune system likely play a role in mediating immune 
responses away from allergic responses. 14,46 48 Our study shows 
that early life exposure to a single live-attenuated bacterial strain 
can reduce susceptibility to asthma. This sets the framework to 
test multiple hypotheses about the mechanism of immune 
skewing towards or away from the development of asthma and 
other atopic diseases in early life. The many available tools in 
the Lm-based experimental system will permit detailed dissec- 
tion of molecular mechanisms underlying Lm's ability to pre- 
vent allergic airway inflammation. These efforts will open the 
door to development of rationally targeted specific therapeutic 
interventions mimicking the effect of our live Lm vector. 
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